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latitude. They have a limited east-west extent. Sometimes several can be seen 
to the east or west of the satellite separated by a smooth ionosphere. 


Magnetic field-aligned ducts of depleted ionization are also an irregularity 
feature seen on low latitude jionograms in the evening. Those occurring within 
the anomaly region are potentially remnants of bubbles which have risen high on 
the topside and broken up. Those outside the anomaly region appear before the 
anomaly region breakup and are thus not directly related to bubbles. However, 
the mechanism producing them may also play a part in the formation of bubbles. 


Mechanisms potentially responsible for the formation of ducts, bubbles, and 
equatorial plumes involve mismatched Pederson conductivities in the conjugate 
E-regions, acoustic gravity waves, gradient drift instabilities, and Rayleigh- 
Taylor instabilities. 


The incidence of exploded traces on ISIS ionograms appears correlated with 
Zurich sunspot numbers. This correlation probably occurs because vertical 
fonospheric drifts which appear to precipitate exploded traces are correlated 
with the solar cycle. 
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As part of the DNA Wideband Equatorial program, ISIS topside sounder 
data was gathered during the summers of 1977 and 1978 on Kwajalein Atoll, 
Marshall Islands. In addition, signal scintillation information using the VHF 
satellite telemetry signal was obtained in 1978. This report provides a 
summary of all the data including a minute by minute descriptien of each of 
the 252 satellite passes recorded. A preliminary data analysis is also re- 


ported. While some conclusions are of a preliminary nature, several useful 


generalizations can be made. 


The active ionospheric region producing both severe signal scintil- 
lations and severe spread-F is confined to that region about the magnetic 
equator known as the "equatorial anomaly" region (15° N to 15° S magnetic 
latitude). Because of the close geographical correspondence between the 
disturbed and anomaly regions as well as the fact that these regions appear 
larger or smaller together and have a similar diurnal dependence suggests that 


they have a common origin. Such a conclusion has also been reached by other 
{ investigators. The ISIS data as well as other measurements show that the 


topside ionosphere rises sharply near sunset as the equatorial anomaly becomes 
A pronounced and assumes a double peaked appearance. Shortly thereafter, around 
2000 local time (LT), the ionosphere begins to descend and spread develops 
with characteristic “exploded traces" appearing on topside ionograms. These 


distinctive traces are different from the spread traces observed at other 
times or locations. They are well correlated with the initial breaking up of 


the ionosphere and with strong VHF signal scintillations. 


Exploded traces represent the initial phase of equatorial plumes 
1 which may have their origin in equatorial bubbles. These traces indicate that 
the disturbed ionosphere below the satellite consists of a layer of field- 
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aligned irregularities. The ionosphere above and below the disturbed region is 
generally smooth although exploded traces are sometimes observed at several 
altitudes simultaneously. While these traces extend along the magnetic field 
from one conjugate region to the other, they usually have a limited (perhaps 
50 km) east-west extent. Occasionally, remote exploded traces are observed 
indicating a separate plume displaced hundreds of kilometers to the east or 
west of the satellite. 


Because the ionospheric plasma is free to move along the magnetic 
field but unable to readily diffuse perpendicular to the field, exploded 
traces or plumes extend from near or below the F-layer peak in one hemisphere 
to the conjugate point in the opposite hemisphere. These plumes produce their 

strongest satellite signal scintillations in the region where they penetrate 
the peak of the F-layer, usually near 15° N or S. 


Exploded traces apparently develop in response to the sinking of the 
ionosphere near 2000 LT. Bubbles rising from the bottomside probably play a 
large part in creating these traces but may not be the sole cause of them. 
ISIS cannot readily detect the bubbles directly but can detect the irregu- 
larities associated with them. These irregularities are thought to be created 
near the bubbles by an incompressible mixing of high and low density regions. 


Most exploded traces are observed along a particular magnetic field 
L-shell (L ~ 1.12) while only a few are observed on lower L-shells. This 
suggests that either: 1) most bubbles rise from the bottomside principly near 
15°N or 15°S magnetic latitude and are less prevalent at the magnetic equator, 
or 2) bubbles rise rapidly at all latitudes within the anomaly region and slow 


their ascent or stabilize on the L-shell with L ~ 1.12. 


Ducted sounder echoes are another interesting irregularity feature 
which develops in the early evening low latitude ionosphere. These appear as 
multiple or conjugate echoes on ionograms and represent field-aligned tubes of 
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slightly depleted ionization. Two classes of ducted echoes can be distin- 
guished on the basis of their location. Those occurring on field lines within 
the anomaly region are thought to be the late time remnants of bubbles. These 
bubbles have risen to the topside and broken up into "anti-striations" or 
ducts. Another type of ducted echo, which appears just before the equatorial 
ionosphere breaks up into exploded traces, is located just outside of the 
anomaly region. These ducts are not considered manifestations of bubbles but 
may have a common origin with bubbles. 


Several mechanisms probably contribute to the formation of ducts, 
bubbles, and plumes although the precise contribution of each mechanism is not 
known. Ducts occurring outside the anomaly region are thought to be caused by 
mismatched Pederson conductivities in the conjugate E-regions giving rise to 
field-aligned currents which in turn generate significant irregularities in 
the E-region at night. These irregularities are then transferred to the 
F-region by electric fields until the formation of a deep E-F density valley 
near 2200 LT. This is the time when the number of ducts is observed to level 
off. Another process that may contribute to triggering and perhaps amplifying 
both duct and bubble formation involves acoustic gravity waves, traveling 
ionospheric disturbances, and the spatial resonance mechanism. Gradient drift 
instabilities driven by a cross-field neutral wind have the potential of 
breaking up the ionosphere as it sinks near 2000 LT or as bubbles rise through 
the otherwise smooth plasma. Finally, Rayleigh-Taylor instabilities appar- 
ently play a large part in amplifying perturbations on the steep bottomside 
into full scale bubbles. 


The greater incidence of exploded traces or plumes in 1978 compared 
with 1977 correlates with solar activity indicated by Zurich sunspot numbers. 
Because exploded traces appear to develop in response to the gross vertical 
movement of the equatorial ionosphere and such movement varies substantially 
with the solar cycle, it is not surprising that the incidence of exploded 
traces varies with the degree of solar activity. 
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SECTION 1 
INTRODUCTION 


During the summers of 1977 and 1978, the Defense Nuclear Agency 
(DNA) sponsored "Wideband Equatorial" campaigns at the Kwajalein Missile Range 
in the Marshall Islands. The purpose of these campaigns was to investigate 
the highly disturbed nighttime equatorial ionosphere. Such disturbances have 
severe effects on satellite signals, producing both amplitude and phase scin- 
tillations at frequencies exceeding 1 GHz. The principal experiment on Kwa- 
jalein involved observations of these scintillations using transmissions from 
the DNA "Wideband" satellite.!,2,3>4 Other experiments attempted to define 
the nature of the disturbed ionosphere producing the scintillations. Because a 
variety of measurements was made more or less simultaneously, a unique and 
valuable data base was accumulated. While the full value of the data col- 
lected by each experiment will be realized when integrated with the other 
experiments, such correlation has not yet been possible in many cases. 


Experiments in addition to Wideband which collected data during the 
campaign included monitoring the VHF satellite beacon on the synchronous 
satellite, ATS-6, for scintillations, probing ionospheric irregularities with 
a high power VHF/UHF radar, measuring ionospheric neutral wind velocities with 
a Fabrey-Perot interferometer, taking in situ ionospheric measurements with 
the Atmospheric Explorer satellite and with rocket-borne payloads, measuring 
bottomside ionospheric characteristics with a bottomside sounder and measuring 
both topside ionospheric characteristics and signal scintillations using top- 
side sounder satellites. Table 1 provides additional details on these experi- 


ments. 
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This paper reports on the last of these experiments: the topside 
sounder and signal scintillation data from ISIS I and II (International Satel- 
lite for Ionospheric Studies). These satellites, launched in 1969 and 1971, 
have provided large quantities of high quality data on the topside ionosphere. 
ISIS II is equipped with a variety of experiments including a swept frequency 


sounder, fixed frequency sounder, VLF experiment, energetic particle detectors, 
soft particle spectrometer, ion mass spectrometer, Langmuir probe, retarding 
potential analyzer, beacon, cosmic noise detector, atomic oxygen red line 
photometer, and auroral scanner.5 ISIS I has the same experiments with the 
exception of the red line photometer and auroral scanner. While some of these 
experiments are no longer functional or are marginally functional, both the 
swept frequency and fixed frequency sounders operate as well today as they did 
nearly a decade ago. 


Both of the ISIS satellites are in high inclination (88°) polar 
orbits enabling them to scan the ionosphere from the poles to the equator. 
ISIS II has a nearly circular orbit 1400 km high while ISIS I has an ellipti- 
cal orbit varying from a perigee of about 600 km to an apogee of about 3500 km. 
Both satellites look down on most of the topside ionosphere. They pass through 
only the much less dense high altitude regions. Hence, the ability of the 
ISIS sounders to scan the entire topside ionosphere beneath the satellite was 
of more interest to the Kwajalein campaign than the in situ capabilities of 
the satellite. 


Table 2 provides a summary of basic satellite characteristics, Table 
3 describes the sounders, and Table 4 describes the other experiments on board 
the satellites. 


Because both ISIS satellites are in nearly sun-synchronous polar 


orbits, the local times at which they cross the equator during the day and 
night change very slowly. Both drift about four minutes earlier each day. 
Over the several week duration of the Kwajalein campaigns, the satellites only : 


i 
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Table 2. Summary of ISIS II spacecraft characteristics (adapted from 
Reference 5). 


SPACECRAFT SIZE 


Shape approximates an oblate spheroid 
Height 1.19 m 
Diameter 1.27 m 
Weight 261 kg 
ORBIT 


Approximately 1400 km circular 
Incliniation 88.7° prograde 


STABILIZATION 
Spin stabilized 


ATTITUDE SENSING 
Six-probe flux-gate magnetometer 
Digital solar aspect sensor 


SPIN AND ATTITUDE CONTROL SYSTEM 
Normal spin rate is near 3 rpm with a capability of changing 
the spin axis into either of two configurations: 
a) Spin axis in the orbit plane 
b) Spin axis in cartwheel configuration 


POWER SYSTEM 
11,008 solar cells 
3 nickel-cadmium batteries 
5 main dc to dc converters 
4 hours/day operation in 70 percent sunlight 
2 consecutive pole-to-pole passes 
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Table 2. Summary of ISIS II spacecraft characteristics (adapted from 
Reference 5) (continued). 


COMMAND SYSTEM 
Multiple digital tone AM system 
2 command receivers connected redundantly 
216 command capability 


TELEMETRY SYSTEM 
Transmitter # 1 


Frequency 136.080 MHz with 100 kHz bandwidth 
Power 4 watts 
Modulation FM video (sounder and VLF) 


FM/PAM/PDM (housekeeping data) 
FM/PCM (Auroral photometer) 


Transmitter #2 


Frequency 136.59 MHz with 50 kHz bandwidth 

Power 2. watts 

Modulation PM/PCM (experiments and housekeeping) 
Transmitter #3 

Frequency 401.75 MHz with 300 kHz bandwidth 

Power 4 watts 


Modulation FM and PCM 


Table 3. ISIS II topside sounder characteristics (adapted from 


Reference 5). 


SWEPT FREQUENCY SOUNDER 
Power output 
Antennas 


Frequency range 


Norma] sweep 0.1] to 10 MHz in 


400 watt at PRF 45 pps 
Two crossed dipoles 73 m and 19 m tip 


10 sec. 


Extended sweep 0.1 to 20 MHz in 20 sec. 


Frequency range 
0.1 to 2.0 MHz 


2.0 to 5.0 MHz 
5.0 to 20.0 MHz 


Sweep rate 
0.375 MHz/sec. 


1.125 MHz/sec. 
1.5 MH2/sec. 


Frequency markers 
0.1, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 3.0, 4.0, 5.0, 
6.0, 7.0, 8.0, 9.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0 
Frequency resolution between markers is + 8 kHz. 


Range marker 
11.11 m sec. after zero range mark (not on ISIS I) 


FIXED FREQUENCY SOUNDER 
6 fixed frequencies are available by command: 
(0.12, 0.48, 1.0, 1.95, 4.0, and 9.303 MHz) 
These occur either during the flyback period of the sounder 
sweep or for a full sounder frame period on alternate frames . 


Table 4. Summary of other experiments on ISIS II (adapted from 
Reference 5). 


VLF EXPERIMENT 
Receiver for radio noise studies (.05 to 30 kHz) 
Optional onboard receiver for jon resonance studies 


ENERGETIC PARTICLE DETECTORS 
Detectors to measure electron and proton intensity, angular 
distributions, and energy spectra 


SOFT PARTICLE SPECTROMETER 
Electrostatic analyzer to measure directional intensity and 
energy spectra of protons and electrons from 10 eV to 10 keV 


ION MASS SPECTROMETER 
Magnetic spectrometer to measure positive ion mass (1-64 amu) 


LANGMUIR PROBE 
Two cylindrical electrostatic probes at opposite ends of the 
spacecraft to measure electron density and temperature 


RETARDING POTENTIAL ANALYZER 
Direct measurement of electron temperature, ion temperature, 
ion composition and charged particle density 


BEACON 
Two 100 mW beacons to investigate ionospheric irregularities 
(136.410 and 137.950 MHz) 


COSMIC NOISE 
Monitors background radio noise levels due to galactic, solar, 
and ionospheric sources using AGC of sounder receiver (0.1 to 16 MHz) 


Table 4. Summary of other experiments on ISIS II (adapted from 
Reference 5) (continued). 


ATOMIC OXYGEN RED LINE PHOTOMETER (NOT ON ISIS I) 


a 
Maps global distribution in the intensity of the 6300 A 
emission from atomic oxygen 
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AURORAL SCANNER (NOT ON ISIS I) 


Maps the distribution of auroral emissions at 5577 and 3914 A 
on the dark side of the earth. 


observed the ionosphere during a very limited period of local times. For- 
tunately, the evening period for both ISIS I and II during 1977 coincided with 


bean 


the early development of spread F. During 1978, ISIS II saw the period just 


prior to the onset of spread while ISIS I saw the period just after. The 


ae" 


morning passes were also well timed showing the residual spread from the night 


before as well as the development of a strong daytime ionosphere. 


While the satellite sounders provided details on ionospheric struc- 
ture, the strength of the satellite telemetry signal provided simultaneous 


information on ionospheric scintillation at VHF. The sounders and telemetry 


signal usually looked at different regions of the ionosphere. The sounders 


principally viewed the ionosphere beneath the satellite while the telemetry 


signal, traveling on a line-of-sight to the receivers on Kwajalein, penetrated 


the peak ionospheric electron density at a different location. Only when the 


satellite traveled directly overhead did the two view the same ionosphere. 
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However, the simultaneity of the measurements and their occasional spatial 


coincidence produced a rare look at the ionospheric structure accompanying 
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scintillations. 


Two hundred fifty two ISIS passes were recorded during the two 


a 


summer campaigns on Kwajalein. Of these, about two thirds were evening passes 
and one third morning passes. An attempt was made to record every high angle 
pass over Kwajalein and quite a few more distant low angle passes. Not every 


attempt was successful; some passes were missed because of equipment failures, 
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interference from other radio sources such as the Altair radar, and inter- 
ference from severe ionospheric scintillations. During 1978, a strip chart 
recording was made of the receiver AGC voltage during most passes. This pro- 
vided a direct measure of telemetry signal scintillations. 


Although the ISIS satellites have been in existence for many years, 
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the data base collected on Kwajalein is thought to be one of the more complete 


and detailed records of the highly disturbed nighttime topside equatorial 


ionosphere. 


It is the intent of this paper to report on the data collected 
rather than to present conclusions. While it has been possible to examine all 
of the data, it has not been possible to analyze that data in a quantitative 
fashion. One preliminary analysis technique that is useful but has not been 
done is a “true height analysis" of the ionograms. This translates measured 
time delay into true height above the ground (or below the satellite) and 
changes ionograms into plots of electron density versus height. Without the 
use of this technique, one can still ascertain ionosphere structure but only 


in a more qualitative way. 


Following the section summarizing the data is a section labeled 
"Preliminary Conclusions." This contains various observations drawn from a 
preliminary analysis of the data. It is intended to present ideas requiring 
further study rather than hard conclusions. 
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SECTION 2 
DATA SUMMARY 


This section contains a general description of the ionograms and 
signal scintillation records from the ISIS passes observed on Kwajalein. It 
does not contain any information from the other experiments on board the 
satellites, because such information was of less interest. The appendix con- 
tains a minute by minute summary of each pass. 


All of the ionograms, originally recorded in analog fashion on 
magnetic tape, have been processed into photographs as a first step in the 
data reduction. The signal scintillation information was recorded on strip 
charts and is readily usable in this form. All of the data from the other 


experiments is still recorded on the original magnetic tapes and has not been 
examined. 


2.1 TYPES OF IONOGRAMS 


Figures 1 through 9 show sample ionograms from the data. These are 
intended to be typical of the various types of ionograms. While ionograms are 
rich in variety and detail, they can be categorized on the basis of prominent 
features. Table 5 lists the prominent features that are thought important in 
this study. It also gives the abbreviation codes that are used to label the 
sample ionograms and that are used later in the appendix. 


Figure 1 shows a typical smooth daytime ionogram. The smooth ordi- 
nary and extraordinary traces are clearly visible from zero apparent range at 
the satellite to the peak of the F-layer hundreds of kilometers below. At 
still higher frequencies, both ordinary and extraordinary earth echoes can be 
seen. These appear to be 1500 or 1600 km below the satellite when, in fact, 
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Table 5. Terminology used to describe ISIS topside ionograms. 
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SMOOTH TRACE(S) 
EARTH RETURN(S) 
MULTIPLE ECHOES 
CONJUGATE ECHOES 
SATELLITE OFF 
MISSING DATA 


WEAKLY SPREAD TRACE 

SPREAD TRACE 

VERY SPREAD TRACE 

VERY VERY SPREAD TRACE 

EXPLODED TRACE 

REMOTE SPREAD 

SMOOTH TRACE VISIBLE (DESPITE SPREAD) 
NEAR PEAK OF F~LAYER 


All numbers used in Table 7 refer to frequency in MHz. 
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the earth is only 1400 km down. The apparent range is always greater than or 
equal to the real range and, in some cases, much greater than the real range. 
The resonance spikes occur because the satellite sounder is immersed in the 
ionosphere and excites various plasma modes at the satellite. These modes 
contain information on the weak ionosphere near the satellite and are gen- 
erally of less interest to this study than the higher density regions below. 
The coded labels refer to those listed in Table 5, and the number is an esti- 
mate (in MHz) of the peak or critical frequency of the F-layer. This peak 
frequency is taken for convenience as an average of the X and 0 maximum fre- 
quencies. Hence, Figure 1 is labeled as having a smooth trace, earth echoes 


and a critical frequency of 8.1 MHz. 


Figure 2, showing a smooth early evening ionosphere, is similar to 
Figure 1 except that the topside ionosphere is much higher. When the electron 
density gradient is steep, the X and 0 traces are nearly horizontal, and a 
single value can be used for the height of the topside ionosphere. Under 
these circumstances, the apparent range is close to the true range. In Figure 
2, this steep gradient occurs at an apparent range of about 800 km corre- 
sponding to a topside height of about 600 km above the earth's surface. 
Figure 1, in contrast, shows a topside height of only about 200 km. 


Because the satellite sounder broadcasts and receives sounding 
pulses through an essentially isotropic antenna system, returns are theoreti- 
cally possible from any region of the ionosphere within sight of the satel- 
lite. When the ionosphere is perfectly smooth, mirror~like reflections back 
to the satellite can only come from directly below. The result in this case 
is one set of traces such as those shown in Figures 1 and 2. However, if the 
layers of constant electron density have features such as peaks, valleys, 
ducts, or other irregularities, multiple echoes are possible. Figure 3 shows 
the multiple echoes appearing as a series of X and O traces occuring at pro- 
gressively greater range from the satellite. These have been seen at all 
magnetic latitudes but are most prevalent just outside the equatorial anomaly 
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region which extends from about 15° N to 15° S magnetic latitude. Although 
the equatorial anomaly is a peak in electron density space and may contribute 
to multiple echoes, many of the echoes appear to come from propagation down 
magnetic field-aligned ducts. These ducts are generally located below the 


satellite and may represent enhanced or depleted electron densities.’ 


If the satellite happens to be inside a duct, strong "conjugate 
echoes" are observed. These are a type of multiple echo involving ducting of 
sounder radio waves from one magnetic conjugate region to the other. Figure 4 
shows an ionogram with both multiple and conjugate echoes. The conjugate echo 
involving propagation from the satellite to the nearby conjugate region is 
seen as the strong multiple echo at the largest apparent range. Other con- 
jugate echoes involving ducting to the opposite hemisphere are seen near 
1.5 MHz. 


Figure 5 shows very prominent conjugate echoes overlaid on multiple 
echoes. References 8 and 9 provide a detailed explanation of these using 
Figure 10. Basically, when the satellite enters a magnetic field-aligned tube 
with a slightly depleted electron density relative to the surrounding iono- 
sphere, some of the sounder pulses become trapped in this tube and echo back 
and forth from one conjugate region to the other. This trapping prevents the 
normal divergence loss of the radio wave energy and produces a strong return 
each time the pulse passes the satellite. When the apparent range of a con- 
jugate echo exceeds the display capability of the ionogram, the echo is never- 
theless overlaid on the ionogram as shown in Figure 10. Conjugate echoes can 
occur any time of the day or night but are more prevalent at night when the 
ionosphere is disturbed. 


Figure 5 also shows that many closely spaced multiple echoes can 
make otherwise smooth primary traces appear spread. We arbitrarily choose not 
to call this "spread" because of its apparent multiple echo origins and be- 
cause other more amorphous spread appears to be significantly different. 
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Figure 10. Illustration of the origin of conjugate echoes on an Alouette 
jonogram. L and S in the right margin refer to long and short 


paths. (From References 8 and 9). 
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Figure 6 shows massive daytime spread existing, for the most part, 
below the partially visible smooth primary traces. Some multiple echoes are 
visible and contribute to the spread but are not the obvious cause of much of 
it. In order to distinguish the degree of the spread, a qualitative label is 
assigned. This particular figure shows about the most spread observed and is 
labeled "very, very spread." Such massive daytime spread is unusual (in 
contrast to nighttime spread) and only seen early in the morning just after 
sunrise. It may be left over from a very active night or formed near dawn. 
While nighttime spread can be correlated with signal scintillations, daytime 


spread appears to have little or no relation to signal scintillations. 


Figure 7 shows massive nighttime spread observed by ISIS I. This is 
more amorphous than the daytime spread and appears both above and below the 


smooth trace. Such massive spread is also labeled "very, very spread." 
b 
L 


Because some types of spread (e.g., Figure 7) can be correlated with 
signal scintillations while other types cannot (e.g., Figure 6), it is impor- 
tant to look for unique features of the spread related to scintillations. 


Figure 8 shows one important feature which appears mostly in the 
early evening before the ionosphere has completely broken up. We call it an 
“exploded trace" because of its appearance on the ionogram. In this figure, 
the completely smooth X-trace abruptly explodes at about 4.1 MHz into a very 
spread trace. The spread occurs both above and below the smooth trace. The 
spread occurring above the smooth trace must necessarily be located above the 
otherwise smooth ionosphere at that electron density. On the other hand, the 


spread beneath the smooth trace can either be below the smooth ionosphere or 
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off to the side and not directly below the satellite. Some spread noted in 


Figure 8 is clearly off to the side and is labeled "remote spread." 
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Exploded traces are well correlated with signal scintillations and 
with the early development of spread. Furthermore, they only occur within the 
equatorial anomaly region where the severely disturbed ionosphere develops. 
They are thought to provide important information on the ionospheric processes 
leading to the breakup of the equatorial ionosphere. Exploded traces are 
discussed further in the next section. 


Figure 9 shows another more pronounced exploded trace located over 
the magnetic equator. This one occurs at 2.3 MHz. During a given pass, most 
exploded traces appear to follow the magnetic field line connecting the north 
and south boundaries of the equatorial anomaly region. In some cases (not 
shown), several exploded traces can be seen at different frequencies. The one 
at the lowest frequency will appear to be on the field line connecting the 
boundaries of the anomaly region, while others will be on field lines interior 
to that region. Occasionally, remote spread echoes will also show exploded 


traces. 
2.2 TYPES OF SIGNAL SCINTILLATION RECORDS 


Figures 11 and 12 show typical strip chart recordings of the AGC 
voltage from the 136 MHz FM or PM receivers used to receive the telemetry 
signals from ISIS. By recording this voltage, a measure of amplitude scintil- 
lation is obtained. Table 6 shows the descriptive terms used to characterize 
these records and the abbreviations for the terms used in the data summary. 
Characterization of the records was not entirely straightforward, because 
periodic Faraday and antenna pattern fading made otherwise quiet passes look 
disturbed. In Figure 11 the slow fades with a period of several minutes are 
thought to come from Faraday rotation of the telemetry signal. This causes 
the out of phase behavior between the two receivers. The shorter period fades 
which occur in phase between the two receivers are due to the rotation of the 
satellite telemetry antenna. Any periodic fading was ignored in the analysis. 
Hence, some amplitude scintillation may have been ignored, especially during 
the daytime. Long period, slow fading may also have been ignored. Strong, 
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SCINTILLATION RECORD AT 136 MHz 


right circular polarization and the other left circular polarization. 
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i Table 6. Terminology used to describe ISIS signal scintillation strip 
chart recordings. Scintillation refers to amplitude scintil- 
lation at 136 MHz. 


Q = QUIET SIGNAL (No apparent scintillation) 
WS = WEAK SCINTILLATION (Slow, shallow fades) 
SC = SCINTILLATION (Moderate speed, deeper fades) 
SSC = STRONG SCINTILLATION (Fast, deep fades) 
VSSC = VERY STRONG SCINTILLATION (Very fast, deep fades) 
SAT = SATURATED SCINTILLATION (Extremely fast, deep fades) 
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rapid scintillations have a distinctive character as shown in Figure 12 and 


are easily noted. Quantitative calibrations of the AGC voltages were per- 
formed but have not been folded into the present analysis. Typical strong 
scintillations involved amplitude fades of 30 dB. The differences between the 
categories of scintillation are qualitative and arbitrary. On a given pass, 
such categories allow one to distinguish changing levels of scintillation as 


the satellite moves through the disturbed region. 


SECTION 3 
PRELIMINARY CONCLUSIONS 


This section presents conclusions developed from a preliminary look 
at the data. These conclusions are considered tentative. 


Tonograms are very detailed pictures of the ionosphere. However, it 
is not always possible to ascribe one unique ionospheric structure to a given 
ionogram. In the simple case of reflections from below the satellite, the 
structure is usually clear, but, when oblique echoes are involved, the problem 
is often very complex. Unfortunately, the spread ionograms correlated with 
signal scintillations fall more into the latter category than the former. 
Furthermore, ISIS satellite passes occur only rarely and do not last more than 
about 20 minutes. This means that it is not possible to watch the time devel- 
opment of severe spread. Such development can only te inferred from sta- 
tistical studies of many passes. 


On the other hand, ISIS provides excellent geographical coverage 
along the magnetic field. Latitudinal variations in the ionosphere are read- 
ily apparent. 


3.1 EQUATORIAL ANOMALY 


The most pronounced and interesting latitudinal variation near the 
equator is the "equatorial anomaly."!° Early evening ISIS II data from 1978 
consistently shows the peak electron density rising sharply as the satellite 
approaches the magnetic equator from about 15° N or 15° S. (Kwajalein is a 
few degrees north of the magnetic equator.) Once inside this region, the peak 
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density falls somewhat near the magnetic equator. The solid curve in Figure 
13 shows the effect. Later in the evening, this effect is harder to see as 
the ionograms become severely spread. By late evening or early morning, the 
anomaly region has substantially disappeared to the extent that little or no 
peak in the electron density may be seen near the magnetic equator. With 
morning and the rising sun, the peak reappears initially as a single peak 
without the camel-back appearance (dashed curve). This effect has been known 
for over thirty years!® and studied extensively.1!~1®© It has been explained 
in terms of the upwelling of ionization at the equator, the "equatorial foun- 
tain." An E x B drift apparently forces ionization upward at the equator 
across magnetic field lines. Once at an altitude less than or equal to about 
700 km, the plasma begins to diffuse down under the influence of gravity along 
the magnetic field. Because the field line at 700 km reaches down to the peak 
of the F-layer at 15° N and 15° S, the ionization tends to accumulate at these 
§ points producing the solid curve in Figure 13.162! Although the equatorial 
anomaly is shown as symmetric about the magnetic equator in Figure 13, signi- 
ficant asymmetries sometimes exist. 


Taken alone, the equatorial anomaly is a curious effect without 
obvious consequences. From the observations reported here, it seems much more 
significant. For instance, the anomaly region contains all of the severe 
spread. When the satellite moves out of this region, the ionograms change 
abruptly from spread to multiple echoes or smooth. Signal scintillation 
records display a similarly abrupt change at this boundary from severe scin- 
tillation within the region to quiet outside (see Figure 12). Often a peak in 
the scintillation intensity is observed at these boundaries. The exploded 
traces of spread ionograms appear strongly field-aligned and prefer the field 
line forming the boundary of the anomaly region. Figure 14 shows another view 
of the equatorial ionosphere with the anomaly region shaded. Occasionally, 
the region is larger or smaller than shown (by as much as 5 degrees), and 
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occasionally, it is asymetric. 
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Figure 13. Nominal variation of the F-layer maximum frequency with 
magnetic latitude. The solid curve shows the equatorial 
anomaly which develops in late afternoon. The dotted 
curve is for late evening while the dashed curve applies 
to morning conditions. 
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3:2 EXPLODED TRACES 


Exploded traces were noted in the early days of topside sounders 
(although not by that name). Reference 22 discusses one such trace shown in 
Figure 15. The true height analysis shown indicates that the spread amounts 
to a relatively thin layer of overdense irregularities about 40 km thick above 
the otherwise smooth ionosphere. This layer has a limited east-west but long 
north-south extent. Reference 22 supposes that the irregularities produce 
overdense reflections but are sufficiently sparse that some of the sounder 
signal can penetrate to the smooth ionosphere below. 


In contrast, Reference 23 views these irregularities as basically 
underdense, producing radio wave reflections because their cross sections are 
small compared to the wavelengths of the sounder radio waves. The irregu- 
larities then need not differ greatly in density from the surrounding plasma. 
They can be either slight enhancements or depletions. Because only partial 
reflection of the radio wave occurs at any particular irregularity, the irreg- 
ularities can be closely packed and yet still partially transparent to the 
sounder radio waves. In situ rocket measurements of equatorial ionospheric 
and barium cloud irregularities show numerous irregularities along an arbi- 
trary rocket trajectory. Because numerous overdense irregularities could not 
produce the semi-transparent ionosphere observed on ionograms, it is likely 
that underdense reflections account for many of exploded traces observed in 
the equatorial ionosphere. References 7, 24, and 25 provide further support 
for underdense reflections. 


The magnetic field-aligned nature of exploded traces suggests that 
the irregularities are also field-aligned. This would imply that reflections 
(underdense or overdense) should show considerable aspect sensitivity. In- 
deed, the ISIS satellites appear to principly see irregularities existing in 
the east-west plane through the satellite and not the north-south plane. Fig- 
ure 8, for instance, shows two separate exploded traces. Based on successive 
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Figure 15. Analysis of an exploded trace appearing on an early Alouette 
jonogram. The virtual height data is shown by the solid 
lines, dashed lines, and shading. The true height profile 
is shown as a dotted line assuming all the reflections to 
be from overdense jonization (not necessarily correct). 


(From Reference 22.) 
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ionograms, it is clear that these traces are separated east-west and have a 
very long north-south extent. Because Figure 8 does not show a large range 
extent for either trace but clearly shows their east-west separation, it 


appears that aspect sensitive reflection from field-aligned irregularities is 
occurring. 


Within the last two years, other investigators have studied exploded 
traces and proposed that these are, in fact, "bubbles" rising from the bottom- 
side of the F-layer.2®,.27:28 Such bubbles would be enormous with diameters of 
30 to 60 km and lengths of hundreds of kilometers along the magnetic field. 
Unfortunately, the evidence from ISIS (or the older Alouette satellites) is 
chiefly circumstantial. Exploded traces exist in the same time frame and 
geographical region as bubbles are believed to exist. Furthermore, bubbles 
involve depleted electron densities and potential irregularities in the vicin- 
ity of the bubble while exploded traces involve irregularities and potential 
depletions. Hence, exploded traces suggest and are probably related to bub- 


bles. However, ISIS does not provide convincing information to prove that 


large scale bite-outs in electron density or substantial depletions exist. 


Furthermore, ISIS does not clearly establish whether such bubbles or exploded 
traces are rising. 


Perhaps it would be best to characterize the features producing 
exploded traces as equatorial "plumes." Large irregularity patches are accu- 
rately referred to as plumes but may or may not involve bubbles. 


3.3 MAGNETIC FIELD-ALIGNED DUCTS 


Reference 28 uses the conjugate echoes observed by ISIS to argue for 
bubbles. While it has been known for years that these echoes are due to 
field-aligned tubes of depleted ionization®:%, it is misleading to use ISIS 
data to call them bubbles and to thereby imply a rising nature. These ducts 
exist, both inside and outside of the anomaly region shown in Figure 14 and 


can occur at times of day when no bubbles are ever seen. Some of the ducts 
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may be remnants of bubbles. Other ducts, especially those along magnetic 
I-shells with IL > 1.2 are probably not remnants of bubbles but may be caused 
by some of the same processes involved with bubbles. 


Reference 26 shows that the ducts observed by topside sounders 
increase in number after sunset and steadily decrease during the daytime. 
This diurnal dependence of the ducts as well as their location near the mag~- 
netic equator suggests that they are at least a part of the same process 
producing bubbles. The time dependence of ducts is somewhat different for 
L> 1.2 than for L¢ 1.2. L<¢ 1.2 corresponds approximately to the anomaly 
region of Figure 14 while L > 1.2 corresponds to the volume outside this 
region. According to Reference 27, L > 1.2 are formed between 2000 and 2200 
local time and then remain essentially constant throughout the night. In 
contrast, those ducts with L< 1.2 increasingly appear from 2000 to 0200 


local time and decrease slowly thereafter. These appear to be associated with 
bubbles. They may be the late time high altitude remnants of a large bubble 
that has risen from the bottomside and broken into many "anti-striations" or 


ducts. 


The ducts occurring outside the anomaly region (those with L > 1.2) 
form before any activity is observed in the anomaly region. ISIS II data from 
Kwajalein in 1978 shows many ducts outside of the anomaly region as early as 
1900 local time, while the anomaly region itself is still smooth. Table 8 
shows this effect. Multiple echoes and conjugate echoes are interpreted as 


evidence of ducts and exploded traces as evidence of plumes (see Section 2). 


Because ducts with L > 1.2 form or at least start to form before 
plumes develop in the anomaly region, these ducts are not thought to be rem- 
nants of bubbles. But their formation in the early evening suggests that they 
may have formation processes in common with bubbles. References 26 and 29 
provide an explanation for the formation of these ducts. Mismatched Pedersen 
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conductivities in the conjugate E-regions are thought to give rise to field- 
aligned currents which generate significant irregularities in the E-region at 
night when the E-region density is low. These irregularities are then trans- 
ferred to the F-region by electric fields until the formation of a deep E-F 


density valley. This valley forms near 2200 when the number of ducts with 
L > 1.2 is observed to level off. 


Another process that may be significant in triggering and perhaps 
amplifying both duct formation for L > 1.2, bubble formation, and bubble 
breakup into ducts with L< 1.2 involves acoustic gravity waves, traveling 
ionospheric disturbances (TID's), and the spatial resonance mechanism. 25> 3°, 3! 
Acoustic gravity waves constitute a spectrum of geophysical noise capable of 
driving a roughly uniform power spectrum of TIDs with scales extending from 
the radius of the earth down to the atmospheric scale height. At shorter 
scales, the spectrum of TIDs is thought to decrease in strength creating a 
spectrum of field-aligned plasma turbulence below the mean free path of the 
neutral atmosphere. Such a spectrum of TIDs could provide the perturbation 
necessary to trigger an appropriate instability mechanism in the equatorial 
ionosphere. Reference 31 suggests that the spatial resonance mechanism, which 
occurs when the plasma drift velocity matches the acoustic gravity wave phase 
velocity, may contribute to the formation of the drifting plumes observed by 
both sounders and radars. The non-linear break-up of resonance steepened TIDs 


may give rise to the quasi-periodic structures (multiple echoes) seen in 
equatorial ionograms. 


3.4 BUBBLES 


Bubbles have been discussed extensively in the literature in recent 


years. Reference 32 provided the first strong evidence that rising bite-outs 
do indeed exist using data from the Atmospheric Explorer satellites. This 
data showed large bite-outs in electron density on the bottomside of the 
F-layer, upward movement of ions within the bubbles, and ion constituents 
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typical of lower altitudes. Radar observations of equatorial irregularities 


from Jicamarca, Peru suggest that the irregularities form first near the 
bottom of the F-layer and over a period of hours propagate to the topside. ?% 
In this latter case, upward motion is inferred but not measured. The process 
producing the irregularities appears to move upward. Perhaps this process in- 
volves ascending bubbles or perhaps some other triggering mechanism that is 
delayed at higher altitudes. 


Since this basic work on bubbles, considerable supporting evidence 
has been published. References 34 and 35 show computer simulations of bubbles 
forming on the very steep bottomside of the F-layer due to Rayleigh-Taylor 
instabilities and buoyantly rising through the peak of the layer into the 
topside. Data from the Altair radar on Kwajalein Atoll appears to show both 
the formation of the bite-outs on the bottomside and the subsequent develop- 
ment of a plume of irregularities.27® The rate of the bubble rise is dependent 
on ionospheric parameters as well as on the density depletion within the 
bubble. Reference 37 discusses plasma instabilities leading to bubbles, and 
Reference 38 further discusses the rate of bubble rise. Reference 39 presents 
additional experimental evidence for field-aligned bite-outs and perhaps 
bubbles. 


Although some bubbles clearly rise rapidly, others may rise slowly 
or not at all. References 34, 35, and 38 show that a great range of vertical 
rise velocities are possible including very small velocities. Of course, once 


the bubble has reached an equilibrium altitude, it cannot rise further. 


The Altair radar in operation during the same period as for the 
observations reported here often saw little or no vertical drift of the irreg- 
ularities associated with bubbles but a strong eastward drift of the irregu- 
larities at 60 to 70 m/sec.*° This correlates approximately with the eastward 
neutral wind observed during the same period.*! While the data from ISIS 
cannot directly provide information on the drift of plumes, it can yield 
information when compared with ground based observations. On several oc- 


casions, exploded traces or plumes were spotted to the west of Kwajalein by 
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ISIS and then later observed by the Altair radar or the Digisonde on Kwa- 


jalein. The calculated rate of eastward drift was similar to that measured by 
Altair. 


The fact that exploded traces are most frequently observed along the 
magnetic field L-shell bounding the anomaly region and infrequently on lower 
L-shells has potential implications for bubbles. If bubbles are the cause of 
such traces then either 1) most bubbles rise from the bottomside near 15°N or 
15°S magnetic latitude and are less prevalent at the magnetic equator or 2) 
bubbles rise rapidly at all latitudes within the anomaly region and slow their 
ascent or stabilize on the L-shell bounding the region. In either case, the 
strongest scintillations and highest density plumes would be expected at the 
north or south boundary of the anomaly region where the exploded traces pene- 
trate the peak of the F-layer. Indeed, ISIS frequently observes the strongest 
scintillation here. This is also where both the Jicamarca and Altair radars 
observe large backscatter plumes. 


3.5 VERTICAL IONOSPHERIC DRIFTS 


By examining ISIS ionograms from satellite passes at different local 
times during the evening, it is possible to infer the gross vertical movement 
of the ionosphere. Typical early evening ionograms such as Figure 2 taken 
near 1900 local time show a high smooth topside ionosphere. Later ionograms 
such as Figures 8 and 9 show a much lower smooth topside broken by an exploded 
trace. It appears that sinking of the ionosphere and exploded traces or 


plumes go together. The top of many exploded traces occur near the altitude 
where the topside was earlier. 


Gross movement of the equatorial ionosphere has been well docu- 
mented. Data from Reference 42 shows the rise of the equatorial ionosphere 
near sunset (1800 LT) and then its steep fall at 2000 LT. The 1800 rise cor- 
responds with the development of a strong anomaly, and the 2000 fall corres- 
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ponds with the onset of exploded traces and spread. The rapid sinking of the 
ionosphere appears related to the rising of bubbles and the formation of 
plumes. 


The sinking of the ionosphere alone has some potential for creating 
plumes without the need for bubbles. Near 2000 LT the topside is in a tran- 
sition from a high and rising ionosphere to the west of the observer to a low 
and sinking ionosphere to the east. Possibly the sinking of the topside 
occurring at this time is also somewhat non-uniform. Plasma left high can mix 
with adjacent lower density plasma via the gradient drift instability known to 
occur in barium ion clouds. Cross-field neutral winds, which are known to 
exist,*! are necessary to drive the incompressible mixing of high and low 
density plasma. To couple the neutral wind to the plasma, a sufficiently 
large ion-neutral collision frequency is necessary. Because the ion-neutral 
collision frequency is proportional to the neutral density, neutral winds will 
be most effective at driving a gradient drift instability in the lower por- 
tions of the F-region. Reference 43 has discussed this instability as a 


possibility for the development of*bottomside spread. 


Although gravity tends to stabilize the sinking topside, the possi- 
bility that a wind driven gradient drift instability plays a part in multi- 
plying irregularities is significant. Even rising bubbles may be broken up by 


horizontal neutral winds both above and below the peak of the F-layer. 
3.6 CORRELATION WITH SOLAR ACTIVITY 


Because the 1978 ISIS observations show a considerably greater 
incidence of exploded traces and severe spread than the 1977 observations, it 
is interesting to speculate whether this had anything to do with the increase 
in solar activity observed in recent years. Table 8 shows monthly average 
Ziirich sunspot numbers for selected months.*4 The summer of 1978 had about 
twice the number of sunspots (and therefore twice the solar activity) compared 
with the summer of 1977. Also, the data taken during the first part of the 
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Kwajalein campaign in August 1977 showed much less ionospheric activity than 
that taken in late August. This correlates with the moderate increase in 
solar activity noted. 


The connection between solar activity and exploded traces appears to 
come from vertical ionospheric drifts. As mentioned earlier, these drifts 
appear to precipitate exploded traces. Reference 42 shows that early evening 
vertical ionospheric drifts are strongly dependent on the solar cycle. These 
drifts are pronounced at solar maximum and hardly visible during solar mini- 
mun. Hence, the drifts were probably milder in 1977 than 1978, implying 
fewer exploded traces in 1977 than 1978. This was observed. 


The foregoing are conclusions presented as preliminary conclusions. 
Perhaps the strongest conclusion to be drawn is that the ISIS data contains a 
great deal of information on ionospheric conditions relevant to scintillations 
and warrants further study. 


Table 7. Monthly average Ziirich sunspot numbers for selected months. (from 
Reference 44) 


Zurich : 

Date Sunspot Number , 

March 1977 8.0 

April 13.2 i 

May 18.4 i 

June 38.4 } 
July 21.2 
August 29.9 
September 44.1 
April 1978 94.7 
May 79.3 
June 94.1 
July 68.4 
August 56.7 
September 137.3 


October 122.8 
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APPENDIX 
TABLE OF ALL ISIS PASSES 
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Using the terminology developed in Section 2, Table 8 shows the 


r minute by minute nature of each satellite pass recorded. For 1977, the table 
: includes satellite location and ionogram description as a function of time. 
4 For 1978, signal scintillation information is included. The location of the 


point where the telemetry signal penetrated the peak of the F-layer is indi- 


cated, assuming this peak to be at a 300 km altitude. 
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